ABSTRACT
INTRODUCTION
In Japan, the introduction of renewable energy has been promoted using a feed-in tariff (FIT) system. With this system, the amount of power from RES to which FIT is applied accounted for 5.4 % of the total demand in 2015 [1] ( Fig. 1) , and the 71.9 % of it was supplied from PV sources [2] , which were installed mostly in the distribution network. With this situation, voltage fluctuations in the distribution network are increasing, and it is getting difficult to maintain the voltage within the target range simply by conventional autonomous decentralized voltage regulators. Traditionally, the autonomous control method has been adopted for voltage regulators installed on a few points in a distribution network, and their controlled variables are determined independently. This makes the cooperation control of some regulators difficult, and leads to voltage violation enlarged by PV output fluctuations. On the other hand, sensor-built-in switches and voltage regulators, which can measure voltage and current values in the network and communicate with a distribution automation system (DAS), are getting popular. This measurement data is expected to improve the network monitoring and operation to ensure power quality. This study focuses on the centralized control method [3] based on information and communications technology to maintain the network voltage within the target range using the measurement data. Specifically, we report on a field demonstration and evaluation results of the CVCS.
NETWORK CONFIGURATION
The standard configuration of distribution network in Japan is shown in Fig. 2 . It consists of a 6.6 kV middlevoltage distribution lines and 100/200V low-voltage distribution lines. The average length of a distribution line is different for each electric power company. In Tokyo Electric Power Company (TEPCO), the average length of the 6.6 kV distribution line is about 3 km, and the average length of a 100/200V distribution line is about 50 to 100 m. The 6.6 kV distribution line is divided into 3 to 6 sections taking account of load distribution with automated switches. For voltage control of a distribution network, there is a load ratio control transformers (LRT) in the distribution substation and some step voltage regulators (SVR) in the distribution lines. Each regulator performs autonomous control according to only its secondary voltage and its passing current, without other point voltages and other regulators movement. For this reason, it is difficult to control the voltage considering the entire distribution network, and it is getting difficult to cope with voltage fluctuations caused by the reverse power flow from introduction of RES. 
ADDITION OF MEASUREMENT FUNCTION
Recently, the installation of various measurement functions to switches and regulators has been considered for the purpose of reducing labour in the operation and control of the distribution network. TEPCO has developed a sensor-built-in switch, called 'Information Technology Switch' (ITSW), which has measuring and communication functions. Same functions are planned to be built in LRTs and SVRs. The overall view of the switch is shown in Fig.  3 , and an outline of the measurement function is provided in Table 1 . The measurement data from many switches is collected to a distribution control center through DAS in order for power quality monitoring, fault detection and restoration. 
ABOUT THE CVCS
The CVCS is a calculation system that performs optimum control of each voltage regulator based on measurement data at each point of the distribution line, which is provided by the DAS [3] . The implement of the CVCS can be divided into three stages in terms of the introduction of ITSWs and communication device. In the first stage, remote control and measurement /communication functions are installed in the LRT, and ITSWs are introduced only as the first section switch of each distribution line. In this case, the voltage distribution of each distribution line is estimated based on the data measured by the ITSW, and the LRT is controlled based on the estimated voltage value. However, the control range of the CVCS is limited to the primary side of the SVR (Fig.  4) . In the second stage, in addition to the first stage, remote control and measurement/communication functions are added to the SVR. In this case, the control is performed based on the estimated voltage value, as in the first stage, but the secondary side of the SVR can also be controlled (Fig. 5) . In the third stage, in addition to the second stage, all conventional switches are replaced with the ITSWs. In this case, it becomes possible to understand the voltage distribution of the entire distribution line based on the data measured by the ITSW. And it is not necessary to estimate the voltage. Therefore, the control can be performed with measurement data only (Fig. 6 ). In this paper, we focus on the control method in the first stage, which are adapted in a field demonstration. The most important factor in the first stage is the method for estimating the voltage distribution in the distribution line. Using a power flow calculation based on the data measured by the first switch in the distribution line, facility data, load information, etc., the detailed voltage distribution can be understood. However, the amount of data and calculations are enormous. Therefore, we adopted a method that uses voltage sensitivity for the voltage distribution estimation and can be handled by existing computers. 
Measurement value from the first section switch Furthermore, for each point, the voltage target range is set in consideration of the generated error on estimating the voltage value based on voltage sensitivity. After these settings are completed, the centralized voltage control is applied. In addition, the tap position control of the LRT is performed so that the estimated voltage value at each point can be kept within the target range by the CVCS. Integral control is adopted for control. A flowchart of the control is shown in Fig. 7 . If the average voltage value per minute, measured by the ITSW, deviates from the target range, the deviation amount is integrated at each node. Furthermore, the integrated amount is checked every five minutes. When the accumulated amount at any one of the nodes exceeds a set value, optimum taps of the voltage regulators are calculated and transmitted to the controllers. If the deviation resolved during the accumulation, the integrated value is reset. Fig. 7 Flowchart of control.
THE FIELD DEMONSTRATION
In 2015, we conducted a demonstration facility in real supply network to evaluate the effect of the CVCS. The conditions and location of the demonstration field are shown in Table 2 and Fig. 8 . The field was located in a rural area and consisted of five distribution lines, 1 LRT and 3 SVRs. The voltage fluctuations caused by PV systems had a considerable impact in the network. [4] . A simplified system diagram of the demonstration system is shown in Fig. 9 . Fig. 9 Simplified diagram of demonstration system.
In this demonstration, we implemented a method to realize optimal control of the LRT based on the ITSW measurement data from the first section switch of each distribution line, introduced in Fig. 4 . For verification, in addition to the ITSW, voltage measurement loggers were installed at the middle and end of the distribution lines, and the control effect of the CVCS was verified. The voltage sensitivity coefficient required for control was prepared based on measurement data from April 2014 to March 2015.
THE DEMONSTRATION RESULT
The effect of the CVCS was verified during the off-peak period (October-November 2015), when the voltage fluctuations caused by the reverse power flow from RES were the largest. A part of the verification result (transition of the 30-minute average voltage value) is shown in Figs. 10 and 11. In addition, in order to consider the influence of the reverse power flow from RES, a comparison was made before and after the application of the control and at times of fine and cloudy weather. The CVCS performed based on the voltage value on the 6.6 kV side, but because the target range of 6.6 kV was different for each node, the voltage values were converted into LV (100 V) and shown in the figures.
From the results, it can be seen that the voltage deviation existed in the conventional control and was eliminated in the CVCS in any weather. In the conventional control, the LRT was controlled based on only the current data measured by the LRT. But the CVCS uses the voltage deviation data estimated from the data measured by each ITSWs on each distribution line. Therefore the voltage control according to the load curve and PV output of each distribution line becomes easier more than before. The voltage deviation amount and the number of tap actions of the LRT during the demonstration period are shown in Table 3 . From Table 3 , it can be seen that there is almost no voltage deviation with the CVCS control, and optimum control can be realized. Although the number of tap operations increases after the CVCS control application, it is within the upper limit of the number of tap operations (27 times/day) calculated backward from the life of equipment (200,000 times/20 years), and it was confirmed that there is no problem in the operation of the LRT.
CONCLUSION
In recent years, voltage fluctuations in the distribution network are increasing due to the reverse power flow from RES, which are being expanded. In the autonomous control of the conventional voltage regulator, only local optimization can be realized, so it is getting difficult to cope with the increased voltage fluctuations. In this paper, in order to realize optimum control of the whole distribution network, we aimed at realizing the method of collectively controlling the voltage regulator based on data measured by ITSWs. As a first step, we introduced the CVCS using voltage sensitivity and also constructed facilities to accommodate the CVCS. Through the field demonstration, it was confirmed that appropriate voltage control is possible by introducing the CVCS. Future plans include proceeding with the construction of facilities to introduce the second and third stages of the CVCS. At the same time, we are planning to carry out detailed studies such as determining the minimum number of ITSWs required to measure the whole distribution network and considering the adaptability of the distribution network that is supplying to areas where the amount of the power from RES is larger than the amount of the power demand.
